Abstract. Ag/Cu bimetallic nanoparticles were synthesised in a few minutes using 1-heptanol as reducing agent in a microwave reactor. The products of microwave heating and oil-bath heating were compared. Experimental results decide that, it is easier to obtain a higher degree of crystallization, smaller size distribution particles under microwave heating than oil-bath heating. And the products obtained by microwave heating method showed good antibacterial performance against Escherichia coli.
Introduction
Due to the novel optical, electronic, magnetic and catalytic properties, intensive attention has been attracted by bimetallic nanoparticles [1] [2] [3] . Various preparation methods of bimetallic nanoparticles were developed. The sol-gel method, hydrothermal method, polyol method, colloidal particle seeding method, displacement method, co-precipitation method, electrochemical method have been widely used in the synthesis of stable bimetallic nanomaterials [4] [5] [6] .
For the rapid synthesis of bimetallic nanoparticles, microwave dielectric heating has been developed. Traditional heating methods inevitably effect by temperature gradient, which causes uneven heating. When materials are under microwave irradiation, high frequency reciprocating motion of the dipolar molecules generates energy by molecular friction to heat up the materials. Interior and exterior of the materials are heated at the same time. And the materials are heated quickly and uniform [7] [8] [9] . In this work, we used microwave reactor to synthesis Ag/Cu bimetallic nanoparticles. The products were in various shapes and well-distributed. And the antibacterial properties of the nanoparticles were tested.
Experimental Chemicals
AgNO 3 (99.8%, AR), Cu (CH 3 COO) 2 ·H 2 O (99.0%, AR) and 1-heptanol (99.0%, AR) were purchased from Aladdin Co. (Shanghai, China). Polyvinylpyrrolidone (PVP, Mw=30000, GR) and CH 3 COOH (AR) were purchased from Sinopharm Chemical Reagent Co. , Ltd. (Shanghai, China).
Preparation of PVP-protected Ag/Cu Nanoparticles
In a typical synthesis of Ag nanoparticles, 10 mL of 6 mM AgNO 3 in 1-heptanol and 5 wt% PVP were mixed and dissolved in a flask. Then put the mixture in the microwave reactor at 176 °C for 2 min to prepare Ag nanoparticles. Model of the Microwave reactor was WBFY-201, full power of the Microwave reactor was 650 W, and the frequency was 2450 ± 50 MHz. Then 10 mL of 12 mM Cu 2nd Annual International Conference on Advanced Material Engineering (AME 2016) (CH 3 COO) 2 ·H 2 O was added to the above solution. Finally put the solution in the microwave reactor and maintained at 176 °C for 2 min to prepare Ag/Cu bimetallic nanoparticles.
To synthesis a sample for comparison, the similar steps were taken. Thus, we used oil-bath heating instead of microwave heating. The same amount as above of AgNO 3 , PVP and 1-heptanol were dissolved in a flask. The solution was maintained at 176°C under oil-bath heating for 20 min. Then 10 mL of 12 mM of Cu(CH 3 COO) 2 ·H 2 O was added to the above solution. The mixture was maintained at 176°C under oil-bath heating for 20 min.
Both of the product solutions were centrifuged three times at the speed of 15,000 rpm, 15 min for each time. Model of the centrifuge was H1850. The maximal speed of the centrifuge was 18,000 rpm. The final precipitates were extracted and dispersed in deionized water.
Characterization and Instruments
Nanoparticles were characterized by X'Pert PRO MPD X-ray diffractometer with Cu Kα radiation (λ =1.54056 Å). The scanning rate was 2°/min. Morphology of these nanoparticles was characterized by transmission electron microscopy (TEM, FEI-G20). TEM samples were prepared by dropping colloidal solutions of Ag/Cu nanoparticles onto carbon-coated Cu grids. Antibacterial activity of nanoparticles was measured by filtering paper method. The 6 mm diameter filter papers were soaked in the nanoparticle solutions. Then put them onto the solid mediums which Escherichia coli have incubated in. Concentration of Escherichia coli was 10 8 cfu/mL. Finally, these mediums were maintained at 37 °C in a constant incubator for 24 hours.
Results and Discussion
Characterization of the Ag/Cu Nanoparticles Fig. 2 (a) and (b) are the TEM images of the product obtained by microwave heating. Fig. 2 (a) showed different shapes of Ag/Cu nanoparticles, including triangle, pentagon, hexagon, spherical, cylindrical and other polyhedrons. Fig. 2 (b) showed the typical triangle and hexagon nanoparticles. From Fig. 2 (a) and (b) , it was determined that the particle sizes were 20~80 nm. All particles distributed uniformly without aggregation under the protection of PVP. Fig. 2 (c) and (d) showed morphology of the oil-bath heating product. The particle sizes range from 10~150 nm. From Fig. 2 (c) , it can be observed that the particles clumped together and the majority of the particles were spherical. Fig. 2 (d) showed that the particles were in a range of sizes without definite shapes. . Thus, the diffraction contrast of diffraction rings of Ag is more obvious than Cu [11] . Based on these results, we can draw the conclusion that Ag/Cu nanoparticles are face-centered cubic crystal structure instead of amorphous structure. Fig. 4 shows the antibacterial activity of Ag/Cu nanoparticles against Escherichia coli. Marks A, B and C on filter paper were soaked in nano-sol prepared by microwave heating, while marks on filter paper D, E and F were soaked in nano-sol prepared by oil-bath heating, respectively. Mark G was soaked in deionized water to make a contrast. After 24 hours, there were clear bacteriostasis circles around A-F filter papers. However, no bacteriostasis circle can be observed around the G filter paper. This indicates that Ag/Cu nanoparticles we synthsised have antibacterial properties. The diameters of bacteriostasis circles of A, B and C were 8.9 mm, 8.5 mm and 9.2 mm, respectively. While the diameters of D, E and F were 7.9 mm, 8.2 mm and 8.0 mm. The bacteriostasis circles of A, B and C were larger than D, E, and F, indicating that the nano-sol prepared by microwave have better antibacterial activity. This can be explained by smaller sizes and uniform distribution of the nanoparticles prepared by microwave heating.
Antibacterial properties of the Ag/Cu Nanoparticles
The antibacterial mechanism of metal nano-materials has been reported by previous researchers. Silver in Cu/Ag bimetallic particles exists in the form of free element. The specific surface area of nanoparticles is extremely large. The surface atoms have a very high activity and extremely unstable. Silver nanoparticles can activate the oxygen in water and air, producing reactive oxygen species of strong oxidation. This may make cellular enzymes of the bacteria loss activity and destroy the permeability of cell membrane, resulting in the death of bacteria [12, 13] . Therefore, silver nanoparticles can be used as antibacterial agent. Nano-copper can be combined with the DNA of microorganisms to prevent bacterial replication and destroy the metabolic enzymes, which leads to the loss of bacteria activity [14] . Thus Ag/Cu alloy nanoparticles theoretically have excellent antibacterial performance due to the synergy of nano-copper and nano-silver. 
Summary
With silver nitrate and copper acetate as precursors, 1-heptanol as a reducing agent and PVP as protection agent, we have synthesised Ag/Cu bimetallic nanoparticles by microwave-assisted heating method at 176 °C. Compared to the product of oil-bath heating, the Ag/Cu bimetallic nanoparticles have smaller sizes (20~80nm), various shapes, narrower size distribution, and distribute more evenly without aggregation. Using filter paper method to detect the antibacterial performance of Ag/Cu bimetallic nanoparticles, there were obvious inhibition zones, demonstrating that the bimetallic nanoparticles have good antibacterial properties.
